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We report on the application low-temperature plasmas for roughening Si surfaces which is
becoming increasingly important for a number of applications ranging from Si quantum dots to cell
and protein attachment for devices such as “laboratory on a chip” and sensors. It is a requirement
that Si surface roughening is scalable and is a single-step process. It is shown that the removal of
naturally forming SiO2 can be used to assist in the roughening of the surface using a
low-temperature plasma-based etching approach, similar to the commonly used in semiconductor
micromanufacturing. It is demonstrated that the selectivity of SiO2 /Si etching can be easily
controlled by tuning the plasma power, working gas pressure, and other discharge parameters. The
achieved selectivity ranges from 0.4 to 25.2 thus providing an effective means for the control of
surface roughness of Si during the oxide layer removal, which is required for many advance
applications in bio- and nanotechnology. © 2010 American Institute of Physics.
doi:10.1063/1.3482212
Biomedical applications of low-temperature, thermally
nonequilibrium plasmas have been on the rise in recent
years. These applications range from studying the effects of
different low-temperature plasmas plasma jets, dielectric
barrier discharge plasmas, etc. on micro-organisms1–7 to
processing solid surfaces for protein or cell attachments.8,9 In
the latter case, this is commonly achieved by creating physi-
cal attachment points by roughening the surface.
Surface roughening can occur by deposition,9 surface re-
actions resulting in nanostructure formation10–12 or by the
removal of materials via milling or etching.13–15 The purpose
of such surface processing also extends beyond biomedical
applications including enhancing the performance of Si
quantum dots in nanoelectronics and photovoltaics.16 Tech-
niques particularly suitable for roughening a Si surface via
material removal include preferential chemical etching of
crystal facets over others,14 introducing inhibitors17 or using
photoresists15 and reactive ion etching in a fluorocarbon
plasmas.18,19
In this work, reactive ion etching is used to etch away Si
and a naturally formed SiO2 layer from the surface using a
low-temperature plasma of CF4 /C2H4 gas mixtures. Fluoro-
carbon precursor CF4 has been traditionally used in the semi-
conductor industry for the selective removal of SiO2 on Si.
This can be achieved by either using plasmas of a higher-
power density 103 W m−3 and using the CF4 gas as a
source of F+ and CFn
+ ions, directly etching away both Si and
SiO2.20 Alternatively, one can use plasmas sustained with
lower rf power densities 103 W m−3, in conjunction with
a SF6 mixture. Another possibility is to use low energy CFn
precursors to polymerize on the Si surface to protect it from
F ions and neutrals.21 The latter process allows for deep
trenches to be etched away as polymers formed at the bottom
of the trench are more easily removed via ion bombardment
than those formed on the trench wall.21,22
The aims in this work are to control the roughening of
the Si surface by using CF4 as an etchant and, by varying the
plasma power, the working gas pressure, and the relative ion
densities in an inductively coupled plasma ICP, and to con-
trol the relative etch rates of Si and SiO2. We argue that
surface roughness can be controlled by altering the SiO2 to
Si etching rates so that the resulting surface roughness ap-
pears to be inversely proportional to the ratio of the etch
rates of SiO2 and Si.
Figure 1 is a schematic of the system used in the experi-
ment. The plasma system used for this study is a large-area
plasma reactor using the magnetic pole enhanced ICP reac-
tor. The vacuum chamber with a rectangular geometry
10001000 mm2 for 450 mm in height is pumped by a
1600 l/s turbomolecular pump. An inductive 2 MHz rf power
1300–2500 W is applied to the plasma chamber through a
thin dielectric window 5 mm. During the experiments, the
distance between the dielectric window and the substrate
holder was fixed at 14 cm. The gas pressure in the chamber
was varied between 1.0 and 3.7 mTorr with the total flow of
CF4 and C2H4 kept at 100 SCCM SCCM denotes cubic
centimeter per minute at STP. After etching, the reactor was
cleaned using a mixture of Ar and O2 let in at rates of 70 and
30 SCCM, respectively. During this process the ICP power
was 2000 W, the total gas pressure was 2 mTorr, and the rf
bias power was 500 W.
The thickness of SiO2 and Si layers before and afteraElectronic mail: xxzhong@sjtu.edu.cn.
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etching was measured by an  step profilometer which then
can be used to infer the average etch rates during the experi-
ment. The densities of various fluorocarbon ion CFx
+ and HF+
were measured by the mass spectrometer system Hiden
Analytical Inc.. The quadrupole mass spectroscopy was
used to measure relative trends in concentrations of the most
important plasma species during the etching process. An ac-
tinometric optical emission spectroscopy23,24 was carried on
using a spectrometer AVS-PC2000 with three channels
over an optical emission spectrum from 200 to 850 nm with
Ar gas being injected into the plasma at a rate of 5 SCCM.
Figure 2 shows the dependence of the SiO2 and silicon
etch rates on the gas pressure, with the ICP power set at
1500 W and rf bias at 100 V. As the pressure increases
from 1.0 to 3.4 mTorr, the SiO2 etch rate decreases monoto-
nously from 80 to 20 nm/min, while the Si etch rate de-
creases from 13.4 to 1.6 nm/min up to 2.3 mTorr, and in-
creases from 1.6 to 3.0 nm/min from 2.3 to 3.4 mTorr. The
highest etching selectivity of SiO2 /Si, approximately 25.2, is
achieved at 2.3 mTorr.
To explain the trends of the SiO2 and Si etch rates versus
the gas pressure, ion composition is shown in Fig. 3 at the
ICP power of 1500 W. The relative density behaviors of F+
and CFx
+ as a function of pressure are plotted in Fig. 3, where
the ICP power is fixed at 2000 W. It was found that the
relative density of F+ ions decreases with the gas pressure up
to 2.25 mTorr, and increases with gas pressure exceeding
2.25 mTorr. A good agreement of the pressure dependence on
the relative ion density of F+ and Si etch rate is shown in Fig.
4. This figure shows the normalized etching rate of Si over-
layed with the normalized density of F+ ions. The observed
very close correlation indicates that the reaction between Si
and F is extremely fast, i.e., chemical etching of Si with F
precursors occurs much faster than the physical bombard-
ment and other chemical reactions. That is why etching of Si
via other mechanisms is a much slower process and can be
reasonably neglected.
The competition between the F production from CF4 and
F scavenging with H could explain the behavior of the pres-
sure dependence of F+ ions. The higher is the gas pressure,
the lesser the F+, CF+, and CF2
+ ions are produced from CF4.
Also, less H+ species are produced from C2H4. These trends
can be due to the smaller number of F+ species scavenged by
the hydrogen species, and eventually result in the increase of
fluorine ion density at higher pressures. Figures 3 and 4 in-
dicate that the lowest fluorine concentration, and the highest
selectivity of the etch rates of the SiO2 and Si can be
achieved by varying the working gas pressure.
The dependence of the SiO2 and Si etch rates on the ICP
power is shown in Fig. 5 under a pressure of 1.2 mTorr and
FIG. 1. Color online Schematic of the inductively coupled plasma reactor
used in this work gas inlet and viewing ports not shown.
FIG. 2. Color online The average etch rate of SiO2, Si, and the etch
selectivity SER between them as a function of gas pressure with ICP
power set at 1500 W and rf bias at 140 V.
FIG. 3. Color online The normalized integrated ion flux density as a func-
tion of gas pressure with ICP power set at 1500 W and rf bias at 140 V.
FIG. 4. Color online Comparison of the average normalized Si etch rates
to the normalized values of the integrated ion flux density of F+ ions.
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a rf bias of 100 V. With the ICP power around 1300 W, a
thin fluorocarbon film of approximately 40 nm is deposited
on the surface of SiO2. When the ICP power is increased
from 1500 to 1900 W, the SiO2 etch rate increases from 36 to
96 nm/min, the Si etch rate increases from 3.8 to 20 nm/min,
thus decreasing the SiO2 /Si etch selectivity from 9.6 to 4.8.
At lower ICP power about 1300 W, more neutrals and less
ion species are produced; this eventually results in weaker
ion bombardment capable to suppress the stronger fluorocar-
bon material deposition due to neutral species. This polymer-
ization of CFn molecules on a roughened Si surface or al-
ternatively on a forest of preformed nanostructures such as
multiwalled carbon nanotubes can be used to produce supe-
rhydrophobic surfaces with unique properties.15,25,26
The etching of silicon dioxide requires suitable chemical
reaction mechanisms. The ion bombardment is required in
the presence of the plasma-generated reactive species to pro-
vide the energy that is essential to break Si–O bonds
6.4 eV.27,28 The dependence of selectivity on the ICP
power should be related to the variation of ion composition
shown in Fig. 6. Figure 6 shows the F+ and CFx
+ CF+, CF2
+
,
and CF3
+ ion fluxes for the ICP power levels varied from
1500 to 2500 W under a pressure of 2 mTorr. Within this
power range, the F+, CF+, and CF2
+ ion fluxes increase with
the ICP power, while the CF3
+ ion flux decreases. This is due
to an increase in the electron density with the increased ICP
power and the associated increases in the ion density and the
rate of dissociation of the neutral species in the plasma. The
decrease in the CF3
+ ion flux with the increase of the ICP
power should be due to the increased dissociation of the
source fluorocarbon gas at higher ICP powers. Consequently,
one can assume that under higher-power conditions CF3
+ as
well as its neutral species CF3 do not play a major role in the
SiO2 etch. Thus, ion flux to the substrate increases with the
ICP power and more reactive species for etching SiO2 and Si
are produced. This eventually results in the increase of the
etch rate of SiO2 and Si and the associated decrease in the
etch selectivity.
With the ICP power of 1500 W, and bias voltage of
140 V, the study of the pressure dependences of the highest
etch selectivity was carried out. The etch selectivity of ap-
proximately 25.2 was achieved at a pressure of 2.3 mTorr.
However, it should be noted that the etch selectivity depen-
dence on the gas pressure is not a monotonous trend and
therefore increasing surface roughness is not simply a matter
of just increasing or decreasing the gas pressure.
The influence of the ICP power on the etch selectivity
was also investigated under the gas pressure of 1.2 mTorr
with the bias voltage of about 100 V. It was found that the
etch selectivity of SiO2 over Si decreases with the increased
ICP power. This presumably happens due to the increased
production of reactive F+ ions which preferentially react with
Si. It is for this reason that the authors believe that this trend
of decreased SiO2 to Si etch selectivity will continue to de-
crease monotonously with the increase of the input power.
One can thus conclude that the input rf power is a powerful
tool to control surface roughness in Si etching in
fluorocarbon-based plasmas.
In summary, we have used a low-temperature plasma-
based etching approach, similar to the commonly used in
semiconductor micromanufacturing to simultaneously clean
and roughen Si wafers. Therefore we believe that our results
provide evidence of successful use of low-temperature
plasma technology to achieve an effective mechanism of
roughening Si surfaces at a large scale using devices and
materials already widely available. As such, this process is
very relevant to several future bio- and nanotechnologies.
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FIG. 5. Color online The average etch rate of SiO2, Si, and the etch
selectivity between them as a function of ICP power under a pressure of
1.2 mTorr and a rf bias of 100 V.
FIG. 6. Color online The normalized integrated ion flux density as a func-
tion of ICP power under a pressure of 1.2 mTorr and a rf bias of 100 V.
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